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Ga2O3~Gd2O3!–GaAs heterostructures in situ fabricated using a multichamber ultrahigh vacuum
~molecular beam epitaxy! system were studied by x-ray reflectivity measurement and
high-resolution transmission electron microscopy. The oxide–GaAs interfaces were found to be
very smooth with the roughness no more than 1 nm. Moreover, an interfacial roughness as small as
one atomic layer of GaAs ~0.33 nm! was observed using x-ray reflectivity. © 1998 American
Vacuum Society. @S0734-211X~98!03403-9#I. INTRODUCTION
Today’s integrated circuits are based on Si metal–oxide–
semiconductor field effect transistor ~MOSFET! technology.
The lack of stable dielectric films providing a low interfacial
state density to GaAs over the past three decades has hin-
dered the development of GaAs MOSFETs, a technology
which could offer potential advantages over that of Si-based
MOSFETs because of the high electron mobility and semi-
insulating substrate of GaAs. Unlike SiO2–Si, thermal oxi-
dation of GaAs results in poor-quality oxides. Anodic and
plasma surface oxidation techniques produced highly resis-
tive films but could not provide the oxide–GaAs interfaces
with low interfacial state density.1,2 Deposition of various
insulating materials on GaAs, including Si3N4, SiO2, Al2O3,
and Ga2O3, was used, in combination with dry, liquid, and
photochemical semiconductor surface treatments.1–4 These
efforts generated limited improvements of electronic proper-
ties of the interfaces, with interfacial state densities at best in
the range of ;1012 cm22 eV21.
Recently, using a molecular beam epitaxy ~MBE! grown
oxide, Ga2O3~Gd2O3!, as a gate dielectric5 and conventional
ion implantation, we have demonstrated enhancement mode
p- and n-channel GaAs MOSFETs with inversion.6 Deple-
tion mode GaAs MOSFETs were also fabricated with accu-
mulation layers.7 The attainment of inversion and accumula-
tion in Ga2O3~Gd2O3!–GaAs is indicative of a high-quality
interface. In this work, the structural properties of this
oxide–GaAs interface were studied using x-ray reflectivity
measurement and high-resolution transmission electron mi-
croscopy ~HRTEM!. HRTEM has often been employed to
investigate the structural properties of heterointerfaces. The
usefulness of x-ray reflectivity in studying surface roughness
has been demonstrated8 and applied to various systems.9 The
behavior of the specular reflectivity, where the exit and the
incident angles of x rays with respect to a surface are equal,
is directly related to the root-mean-square ~rms! of the sur-
face roughness. Meanwhile, surface height fluctuations are
manifested in the diffuse scattering profile around the specu-
lar reflectivity. With the unique penetrating power, x ray is
also an ideal probe to study the structure of interfaces buried
under overlayers.101395 J. Vac. Sci. Technol. B 163, May/Jun 1998 0734-211X/98II. EXPERIMENT
A. Film growth
The growth of Ga2O3~Gd2O3!–GaAs heterostructures was
performed using a multichamber ultrahigh vacuum ~UHV!
system, which includes a solid source GaAs-based MBE
chamber, an oxide deposition chamber, and UHV transfer
modules. First, GaAs epitaxial layers were prepared in the
solid source MBE chamber. The wafers were then in situ
transferred under a vacuum of 10210 Torr to the oxide cham-
ber for Ga2O3~Gd2O3! deposition. A single crystal
Ga5Gd3O12 was used as a source for e-beam evaporation,
with a substrate temperature maintained at 500–550 °C. De-
tailed information on the oxide growth is given in Ref. 5.
After the oxide growth, the samples were removed from the
UHV system for studies by x-ray reflectivity and HRTEM.
The oxide chamber is As free for the reason that excess As
on a GaAs surface may contribute to interfacial states.
B. High-resolution transmission electron microscopy:
Sample preparation and microscope
Standard techniques have been used for the preparation of
electron-transparent thin oxide–GaAs cross-sectional foils.
FIG. 1. HRTEM cross-sectional micrograph of the Ga2O3~Gd2O3!–GaAs
interface.1395/163/1395/3/$15.00 ©1998 American Vacuum Society
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–GaAs 1396First, two cleaved Ga2O3~Gd2O3!–GaAs samples, 2 mm
32 mm each, were glued face to face using epoxy. The com-
posite was then diced into 200 mm wide slices. To make it
electron transparent each sample was then thinned down to
30 mm by mechanical lapping before further thinning by ion
milling with Ar ions at 5 kV. During the ion milling, the
sample was kept at 77 K. A Philips CM-12 electron micro-
scope operated at 120 kV was used to examine the
Ga2O3~Gd2O3!–GaAs heterostructure. For better resolution,
a Hitachi S-9000 microscope operated at 300 kV was used.
The high-resolution lattice imaging technique has been used
to study the Ga2O3~Gd2O3!–GaAs interfacial structure along
the @110# direction. It is constructed with directly transmitted
and six other diffracted beams filtered by the aperture of the
objective lens in the microscope.
C. X-ray reflectivity
In the x-ray reflectivity method of film metrology, the
specular reflectivity of x rays from a film surface is measured
as a function of incidence angle. By analyzing these data,
FIG. 2. HRTEM cross-sectional micrograph of the SiO2–GaAs interface.J. Vac. Sci. Technol. B, Vol. 16, No. 3, May/Jun 1998one can measure the thickness, density, and roughness of a
single film on a substrate or a stack consisting of up to four
layers. Since the optical constants for hard x rays depend
only on the composition and density of the film, there are
fewer unknowns to fit than in ellipsometry. This method can
also be used for opaque films. Films from 1.5 to 200 nm
thick can be measured easily. Thicker films may be mea-
sured on a more-sophisticated apparatus.
III. RESULTS AND DISCUSSIONS
Figure 1 shows a cross-sectional TEM picture of
Ga2O3~Gd2O3!–GaAs, in which the Ga2O3~Gd2O3! appears
to be amorphous. The reconstructed lattice imaging after re-
moving the high-frequency Fourier components, however,
exhibits granularlike features which are distinctly different
from typical amorphous films such as thermal SiO2 or elec-
tron beam evaporated SiO2 ~shown in Fig. 2! prepared from
our multichamber UHV system. The granular feature indi-
cates the presence of short-range ordering or even micro-
crystallites on the order of nanometers in size.
FIG. 3. HRTEM cross-sectional micrograph of the Ga2Ox – GaAs interface.FIG. 4. X-ray specular reflectivity as a function of incident angles, experimental curves, and a theoretical fit.
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shown in Fig. 1 and the interfacial roughness is of the order
of 1 nm, which is comparable to that in a thermal SiO2–Si
interface. A distinct contrast at the interface of
Ga2O3~Gd2O3!–GaAs, shown in Fig. 1, indicated a possible
transition layer or interfacial strain from GaAs to
Ga2O3~Gd2O3!. This transition layer is uniform on the order
of 1–1.5 nm and relatively flat with respect to the underlying
GaAs over a large distance in the micrometer scale. In con-
trast, a Ga2Ox film obtained using pallets formed by pressed
Ga2O3 powders as the e-beam source is a mixture of amor-
phous and noticeable microcrystallites ~Fig. 3!. The microc-
rystallites, randomly distributed within the amorphous ma-
trix, are clearly observed in the high-resolution lattice
imaging.
The Ga2O3~Gd2O3! films are very dense and free of pin-
holes as examined using HRTEM. This is consistent with the
current–voltage (I – V) measurement on sample MH1336,
which shows a very low leakage current density
(1029 A/cm2) at low biasing voltages.11 The MH1336
sample was also studied by x-ray reflectivity, and the result
will be discussed later.
As illustrated in Fig. 4, the specular reflectivity measured
on three samples ~MH1336, MH1338, and MH1342! showed
the characteristic intensity oscillations from finite-sized over-
layer films. The data were taken with changing incident
angles. The regular intensity oscillations originated from the
finite nature of the Ga2O3~Gd2O3! film thickness. From the
x-ray reflectivity measurements, the overlayers were seen to
be quite uniform in thickness. By examining the periods of
oscillations, the oxide film thickness was estimated and the
results are given in Table I. The decay of the overall inten-
sity and the amplitude of the oscillations in the specular-
reflectivity curves provide crucial information on the rough-
ness of both air–oxide and oxide–GaAs interfaces. All three
experimental curves in Fig. 4 can be explained using a the-
oretical model, and a theoretical fit to MH1338 is plotted in
Fig. 4. Information on the rms roughness of air–
Ga2O3~Gd2O3!, Ga2O3~Gd2O3!–GaAs, and the oxide thick-
ness was obtained from the theoretical fit and the sample
data are given in Table I. The air–oxide interfacial roughness
remains around 1 nm ~ranging from 0.86 to 1.2 nm!, regard-
TABLE I. X-ray reflectivity studies on Ga2O3~Gd2O3!–GaAs.
Sample
No.
Surface
roughness
air/oxide
~nm!
Film
thickness
~nm!
Interfacial
roughness
oxide/GaAs
~nm!
MH1336 1.2 16.6 0.78
MH1338 1.0 14.5 0.54
MH1342 0.86 14.1 0.33JVST B - Microelectronics and Nanometer Structuresless of air exposure time. The oxide–GaAs interfaces are
very smooth with roughnesses of at most 0.78 nm, which is
slightly less than three atomic layers of GaAs. For sample
MH1342, the roughness is as small as one atomic layer of
GaAs, which is perhaps the smoothest heterinterface one can
achieve on a GaAs surface.
IV. CONCLUSIONS
In summary, the structural characteristics of in situ fabri-
cated Ga2O3~Gd2O3!–GaAs heterostructures have been stud-
ied using x-ray reflectivity and high-resolution TEM. Both
techniques were found to be very useful in probing the inter-
facial roughness. An interfacial roughness as small as 0.33
nm ~roughly equivalent to one atomic layer of GaAs! was
observed using x-ray reflectivity. The HRTEM and x-ray re-
flectivity measurements are in fair agreement, with the
HRTEM results suggesting a larger rms variation of 1 nm.
Ga2O3~Gd2O3! films are not typically amorphous and may
have short-range ordering or may contain very fine microc-
rystallites on the order of nanometer size. The films are also
very dense, pinhole free, and smooth.
Work is now being undertaken to reproducibly obtain
very small interfacial roughness by systematically correlat-
ing the x-ray reflectivity and high-resolution TEM results to
the sample growth conditions. The reduction in interfacial
roughness will help to improve the electrical properties and
device performance of Ga2O3~Gd2O3!–GaAs heterostruc-
tures.
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